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Gas Accretion via Lyman Limit Systems
Nicolas Lehner
Abstract In cosmological simulations, a large fraction of the partial Lyman limit
systems (pLLSs; 16. logNHI < 17.2) and LLSs (17.2≤ logNHI < 19) probes large-
scale flows in and out of galaxies through their circumgalactic medium (CGM). The
overall low metallicity of the cold gaseous streams feeding galaxies seen in these
simulations is the key to differentiating them from metal rich gas that is either out-
flowing or being recycled. In recent years, several groups have empirically deter-
mined an entirely new wealth of information on the pLLSs and LLSs over a wide
range of redshifts. A major focus of the recent research has been to empirically de-
termine the metallicity distribution of the gas probed by pLLSs and LLSs in sizable
and representative samples at both low (z < 1) and high (z > 2) redshifts. Here I
discuss unambiguous evidence for metal-poor gas at all z probed by the pLLSs and
LLSs. At z < 1, all the pLLSs and LLSs so far studied are located in the CGM
of galaxies with projected distances . 100–200 kpc. Regardless of the exact ori-
gin of the low-metallicity pLLSs/LLSs, there is a significant mass of cool, dense,
low-metallicity gas in the CGM that may be available as fuel for continuing star for-
mation in galaxies over cosmic time. As such, the metal-poor pLLSs and LLSs are
currently among the best observational evidence of cold, metal-poor gas accretion
onto galaxies.
1 Introduction
Among the most pressing problems in galaxy formation is to understand how
gas accretion and feedback influence the evolution of galaxies and the intergalac-
tic medium (IGM). Modern cosmological simulations cannot explain the mass-
metallicity relationship and color bimodalities observed in galaxies without invok-
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ing such large-scale flows (e.g., Tremonti et al. 2004; Keresˇ et al. 2005). Stars can-
not continue to form in galaxies over billions of years without a replenishment of gas
in galaxies from the IGM (e.g., Maller & Bullock 2004; Dekel & Birnboim 2006),
while feedback from star formation and AGN activity can fuel massive outflows
from a gas-rich galaxy that may choke off star formation (e.g., Oppenheimer et al.
2010, 2012; Fumagalli et al. 2011b; Faucher-Gigue`re et al. 2011; Kacprzak et al.
2008). The competition between these regulating processes is played out at the inter-
face between the galaxies and the IGM, a region now defined as the circumgalactic
medium (CGM).
The large-scale outflows, inflows, recycling in the CGM play therefore critical
roles in the evolution of galaxies that require empirical characterization. Outflows
appear ubiquitous in the universe at any z (e.g., Pettini et al. 2001; Shapley et al.
2003; Steidel et al. 2004, 2010; Weiner et al. 2009; Rubin et al. 2014). The COS-
Halos and COS-Dwarfs galaxy-centric experiments have demonstrated that the low-
z CGM is a massive reservoir of galactic metals and baryons with at least as much
metals and baryons as in the disk of galaxies (Tumlinson et al. 2011; Werk et al.
2014; Peeples et al. 2014; Bordoloi et al. 2014, and see also, e.g., Stocke et al.
2013; Liang & Chen 2014 for other surveys). As discussed at length in this book,
gas accretion is crucial for maintaining star formation in the disk of galaxies
over billions of years, controlling in part the evolution of the elemental abun-
dances in galaxies, and could be responsible for the mass-metallicity relation-
ship (see, e.g., Kacprzak et al. 2016). However, cold gas accretion that, according
to cosmological simulations (e.g., Faucher-Gigue`re et al. 2011; Shen et al. 2012;
Faucher-Gigue`re et al. 2015; Fumagalli et al. 2011b, 2014b; van de Voort & Schaye
2012; van de Voort et al. 2012; Hafen et al. 2016), fuels the star formation in galax-
ies have been extremely difficult to find observationally. According to these simu-
lations, cold (T < 105.5 K≪ Tvir, e.g., van de Voort & Schaye 2012) gas accretion
should not be pristine but already enriched by previous episodes of star formation.
However, it should not be either too metal-enriched from outflowing or recycled
material from galaxies with intense star formation. Cold streams are also thought
to contribute to the population of absorbers with 17 . logNHI < 19, a class of ab-
sorbers known as Lyman limit systems (LLSs). In this chapter, I will argue that
the empirically derived properties of the LLSs and partial LLSs (pLLSs) imply that
we have found large reservoirs of metal-poor gas around galaxies, but it is still an
open question if this gas is actually cold accretion as seen in simulations or is even
accreting.
The pLLSs and LLSs have – by the definition adopted here – H I column densities
16 . logNHI < 17.2 and 17.2≤ logNHI < 19, respectively, i.e., on the NHI scale of
the universe they are located between the Lyα forest (logNHI < 16) and the damped
Lyα absorbers (logNHI ≥ 20.3) and sub-DLAs a.k.a. SLLSs (19≤ logNHI < 20.3).
The H I column densities of the pLLSs and LLSs and the densities implied for
the gas they probe (−4 . lognH . −1, e.g., Schaye 2001; Lehner et al. 2013;
Fumagalli et al. 2016b) place them at the interface between the IGM (probed by
Lyα forest absorbers) and galaxies and their immediate surroundings (probed by
SLLSs and DLAs). With an optical depth at the Lyman limit τLL ≥ 1, LLSs are op-
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Fig. 1 To measure NHI in pLLSs/LLSs, two methods are available. 1) left: we can measure the op-
tical depth at the Lyman limit where τLL ∝ NHI (these are low-resolution COS G140L spectra from
Wotta et al. 2016; 2) right: we fit a model to the Lyman series to derive NHI (these are normalized
Keck HIRES profiles in the redshift frame of the pLLS at zLLS ∼ 3 from Lehner et al. 2016).
tically thick to Lyman continuum radiation, absorbing the UV radiation at λ ≤ 912
A˚. Empirically characterizing the UV background has been a scientific driver for
studying LLSs as well as their potential connection to galaxies (e.g., Tytler 1982;
Sargent et al. 1989; Bahcall et al. 1993; Lanzetta et al. 1995; O’Meara et al. 2007;
Prochaska et al. 2010; Ribaudo et al. 2011a). While pLLSs and LLSs can be readily
detected in low resolution spectra and their H I column densities can be estimated
directly from the optical depth at the Lyman limit (see Fig. 1), these earlier sur-
veys did not have the resolution to detect weak metal lines associated with these
absorbers, and hence their properties (metallicity, density, size, mass, etc.) have re-
mained largely unconstrained till more recently.
The ability to determine the properties of the LLSs and pLLSs is indeed critical
for using the pLLSs/LLSs as gas tracers of the IGM/galaxy interface. Among all
these properties, the metallicity is key since it can be used as a “tracer” of the origins
of the gas (Ribaudo et al. 2011b; Fumagalli et al. 2011b; Lehner et al. 2013). The
metallicity level of the gas should help differentiating between gas that is accreting
from the IGM and the more enriched material produced recently by galaxies at the
considered epoch, which could be outflowing or inflowing. If very metal-poor gas
is found around a metal-enriched galaxy, it is difficult to find a plausible scenario
that would explain how this gas may have come from the galaxy itself. On the other
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hand, if the circumgalactic gas and the host galaxy have similar metallicities, it
is quite natural to invoke large-scale outflows or recycling motions to explain the
origin of this gas.
To determine the metallicity without any bias requires selecting the absorbers
based on their H I content alone. Contrary to DLAs (and to a lesser extent SLLSs),
many (metal-poor) pLLSs and LLSs at z < 1 have no detection of Mg II λ λ 2797,
2803 absorption down to equivalent widths < 10 mA˚; these very weak Mg II ab-
sorbers are completely missing in even very deep Mg II surveys (e.g., Churchill et al.
2000). The H I selection is necessary, but not sufficient since, of course, to be able
to estimate the metallicity requires being able to accurately estimate NHI and the
column densities of metal lines (which can include non-detections of metals if the
signal-to-noise – S/N – of the spectra is high enough to place tight constraints on
the column densities). It also requires modeling the ionization of the gas since at
logNHI . 18.5 the gas is predominantly ionized and since only NHI, not NHII, can
be measured from the observations.
A first attempt to survey the physical properties of the LLSs was undertaken by
Steidel (1990) with 10 strong LLSs (logNHI & 17) at z ∼ 3. He used observations
with 35–80 kms−1 spectral resolution, and with this low resolution, the metallicities
and other physical properties were only crudely estimated with many limits, but he
still was able to show that the total H column of these LLSs is often as large as in
DLAs, but mostly in form of NHII. Prochaska (1999) showed that with high S/N and
high resolution (∼9 kms−1) obtained with the 10-m Keck I telescope the properties
of the LLSs can be estimated much more accurately. The right hand-side of Fig. 1
shows that with high resolution and S/N spectra, we can also derive NHI from the
analysis of the Lyman series transitions; this is also particularly useful for making
sure the metals are observed over a similar velocity range (Lehner et al. 2013, 2016).
In this chapter, I will report on recent discoveries within the last ∼5–10 years,
which in my opinion, have led to several important findings, but have also raised
new puzzles. There are two game changers that have occurred in this timeframe,
which have enabled transformative progress. As already mentioned high S/N and
resolution spectra are important to derive the properties of the pLLSs and LLSs.
Equally as important has been the ability to assemble samples of LLSs/pLLSs with
more than an handful of absorbers where their properties can be determined. To start
to be able to derive some statistically robust trends requires at least a sample size
of 25–50. At low redshift, the Cosmic Origins Spectrograph (COS) – installed in
2009 on the Hubble Space Telescope (HST) – has revolutionized this field thanks
to its great leap in sensitivity with spectral resolution R ∼ 17,000 good enough
to accurately estimate NHI and Nmetals. Prior to COS, there was at z < 1 only a
handful of LLSs with a determination of their metallicities (Lehner et al. 2009 and
references therein). Since the COS installation, the sample has increased to 30–50
(Lehner et al. 2013; Wotta et al. 2016) and will increase to& 100 in the coming year.
At high redshift, dedicated surveys (like, e.g., the HD-LLS survey Prochaska et al.
2015) and the availability of large databases of reduced QSO spectra obtained with
large telescopes (e.g., KODIAQ — Lehner et al. 2014, 2016; O’Meara et al. 2015;
XQ-100 — Lopez et al. 2016) have enabled many new discoveries.
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This chapter is organized as follows. In §2, I provide some background on how
we determine the metallicities of the pLLSs and LLSs. This process requires making
large ionization corrections, but I argue we can do this reasonably well, and well
enough to robustly empirically characterize the metallicities of these absorbers. In
the next 5 sections (§§3, 4, 5, 6, 7), I review some of the major findings on the
metallicities and relative abundances of the pLLSs and LLSs and their evolution
over cosmic time. In §8, I offer a different but complementary perspective when
I present some of the recent results on the surveys of O VI in pLLSs and LLSs
and their implications for large-scale outflows and inflows through the CGM of
galaxies. In §9, I specifically discuss the findings that may point to cold, metal-poor
gas accretion traced by pLLSs and LLSs onto galaxies, and finally in §10, I provide
a succinct summary and some future directions.
2 Metallicity: methodology and uncertainties
The metallicity is the key parameter to constrain if one wants to determine the prop-
erties of the pLLSs and LLSs, assess their possible origins and their associations
with some of the structures of the universe. The most robust approach to estimate
the metallicity of the pLLSs and LLSs would be to use the O I/H I ratio since charge
exchange reactions with hydrogen ensure that the ionizations of H I and O I are
strongly coupled (although in the very diffuse ionized gas probed by these absorbers,
some ionization correction may be even necessary when using O I). However, for
absorbers with logNHI . 17.5, O I is rarely detected, and the limit that can be placed
on NOI is generally not sensitive enough to be interesting. So we are left to com-
pare ionized species with H I, and hence we need to determine NHII, which requires
undertaking ionization modeling of the gas. LLSs and pLLSs are often multiphase,
with absorption seen in different ionization stages. However, the low to intermedi-
ate ions (e.g., Si II, Si III, Si IV, C II, C III) and high ions (O VI) often show distinct
kinematics (Crighton et al. 2013; Fox et al. 2013; Lehner et al. 2013, 2014; and see
§8), with the low ions following more closely the velocity structure of the H I (e.g.,
Lehner et al. 2009, 2013; Crighton et al. 2013, 2015; Fumagalli et al. 2016b). The
Doppler broadenings of the H I components associated with the pLLSs and LLSs
(b ≃ 15–30 kms−1) also imply typically that the gas temperature is T . 1–4× 104
K. Hence to estimate the metallicity of the pLLSs and LLSs, one needs to estimate
NHII in the T . 1–4× 104 K photoionized gas.1.
To model the ionization, it has been customary to use Cloudy (Ferland et al.
2013) where the gas is assumed to have a uniform slab geometry and is photoion-
ized by the Haardt-Madau background radiation field from quasars and galaxies
(Haardt & Madau 1996, 2012). For each absorber, the ionization parameter (the ra-
tio of H ionizing photon density to total hydrogen number density – U = nγ/nH)
1 Except otherwise stated, the metallicity discussed here is the metallicity of the cool gas
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Fig. 2 One of the first examples of a very low metallicity pLLS found at an impact parameter
ρ = 37 kpc of a galaxy with the same redshift (results and figures from Ribaudo et al. 2011b). The
top left panel shows the Cloudy-predicted column densities as a function of ionization parameter
for the given metallicity and estimated NHI (from the COS data shown on the bottom right panel).
The bold portions of the curves show where the model column densities and observations are
consistent and the green band shows the range of U for which the models are consistent for all the
different ions. The lower left panel shows the allowed [X/H]–U region by the observations. The
top right panel shows a LBT g-band image of the QSO field where the associated galaxy is labeled
296 9. From a Keck LRIS spectrum, Ribaudo et al. (2011b) were able to estimate an accurate
redshift, mass, and abundance of the galaxy. This low metallicity gas clearly did not originate from
galaxy 296 9, and yet it is well within its virial radius.
and the metallicity2 are varied to search for models that best fit the observational
2 I use throughout the usual square-bracket notation for the metallicity [X/H] ≡ logNX/NH −
log(X/H)⊙, where X is a given element.
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constraints set by the column densities. On the left hand-side of Fig. 2, I show
an example of Cloudy simulation for the pLLS at z ∼ 0.3 toward PG1630+377
(see Ribaudo et al. 2011b for the entire description) where the Haardt-Madau back-
ground radiation field from quasars and galaxies (HM05, as implemented within
Cloudy) was used. In that case, the upper/lower limits and measurements of the
metals constrain well the metallicity. Solar relative abundances are assumed as a
starting point for comparing ions of C, Si, O, Mg, etc., i.e., a priori the effects of
dust or nucleosynthesis on the relative abundances are not included. The quoted
metallicity in this chapter is, however, always for the α elements (X =Si, O, Mg); I
will discuss later that the C/α ratio may not always be solar.
A major drawback to have to correct for ionization is that the characteristics of
the photoionized gas depend on the shape and strength of the ionizing spectrum,
and there are some systematic uncertainties arising from the ionization modeling.
Several independent groups have assessed the systematic errors connected to these
ionization models (Howk et al. 2009; Lehner et al. 2013, 2016; Crighton et al. 2015;
Fumagalli et al. 2016b; Wotta et al. 2016). For example, Wotta et al. (2016) used
HM12 (Haardt & Madau 2012) to estimate the metallicities of 10 LLSs at z< 1 from
Lehner et al. (2013) that were initially modeled with HM05. The comparison of the
results demonstrates that the harder spectrum of HM12 increases the metallicity
on average by +0.3 dex those derived using HM05 (with no dependence on the
initial metallicity of the gas, i.e., a similar shift in metallicity is observed for both
high or low metallicity absorbers). For the absorber shown in Fig. 2, the metallicity
increases by +0.47 dex using HM12 instead of HM05, but in the case of HM12, the
solution found is not satisfactory because too much Si II is predicted by the model
(>+0.2 dex) while the HM05 background did fit all the observables, including the
non-detection of Si II. Fumagalli et al. (2016b) provide a thorough analysis of a large
sample of LLSs at z∼ 2–3 where they use several ionization models (including dust
depletion, proximity to local sources, collisions) and Bayesian techniques to derive
the physical properties and metallicities of the LLSs. They find as well that the
metallicity estimates are typically not too sensitive to the assumptions behind the
ionization corrections.
Determining the spectral shape of the ionizing background is an on-going chal-
lenge. However, combining all the recent results, there is some consensus that the
systematic uncertainties associated with the choice of ionizing background mode
are of the order of 0.3–0.5 dex (i.e., a factor 2–3, see references above). The sta-
tistical uncertainties for a given model are typically much smaller, especially if the
column densities of H I and metals small. Hence, the systematic uncertainty domi-
nates the error budget. This is not precision cosmology, but these uncertainties are
comparable to the systematic uncertainties derived using emission line diagnostics
for galaxies (e.g., Berg et al. 2016). It is accurate enough to separate confidently a
metal-poor absorber ([X/H] . −1) from an absorber with a near-solar metallicity
or to find trends or characterize the metallicity distribution. Furthermore, the same
selection criteria and techniques to analyze the characteristics of the pLLSs/LLSs
can be used from z . 1 to z∼ 4, allowing us to probe the galaxy/IGM interface over
12 billion years.
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3 The metallicity of the pLLSs and LLSs at z . 1
Although I cannot yet provide much information about the galaxies associated with
the pLLSs/LLSs since this work is still in progress (but see §9), there are great ad-
vantages studying the z . 1.5 universe over the higher redshift universe, especially
in terms of determining the properties of the associated galaxies. At high redshift,
only the brightest, most massive galaxies can be observed, while at z . 1 lumi-
nous and very sub-luminous galaxies can be observed. The z < 1.5 epoch is also a
time where galaxy transformation is occurring with blue galaxies turning into red
galaxies. The morphology, inclination, and geometry of z < 1 galaxies can also be
robustly determined (e.g., Bordoloi et al. 2011; Kacprzak et al. 2012a; Bouche´ et al.
2012), which will help us providing additional insights on the actual gas origin (see
§9).
In the example shown in Fig. 2, I present a pLLS with a very low metallicity
[X/H]≃−1.7 (2% solar metallicity) at z≃ 0.3, which is extremely low metallicity
at this redshift. This is quite a bit lower than typical of dwarf galaxies in the low red-
shift universe (e.g., Skillman et al. 1994; Kunth & ¨Ostlin 2000; Kniazev et al. 2003;
Hirschauer et al. 2016; Berg et al. 2016). Fig. 2 also shows the galaxy environment
near the background QSO. A 0.3L∗ galaxy is found at a very similar redshift and
with a near solar abundance, a factor ∼30 larger than the metallicity of the pLLSs
at an impact parameter of ρ = 37 kpc. This pLLS is well within the virial radius
of this galaxy and yet this gas does not come from this galaxy (at least not from a
recent epoch). What is its origin? What is its fate? Ribaudo et al. (2011b) proposed
that this pLLS might probe infalling gas onto galaxies, perhaps related to the cold
flow accretion observed in cosmological simulations. The physical and chemical
properties of this low-metallicity pLLS are comparable to those predicted by cold
flow models, including the temperature, metallicity, and NHI as well as host galaxy
properties such as velocity offset and mass. This example shows how the metallicity
acts as a key discriminator, and since this discovery, one of the goals has been to in-
crease the sample size to determine the prevalence of metal-poor versus metal-rich
pLLSs and LLSs at z < 1.
At the time of the Ribaudo et al. (2011b) study, there were only about 8 metallic-
ity estimates in LLSs (see, e.g., Lehner et al. 2009; Cooksey et al. 2008; Zonak et al.
2004; Tripp et al. 2011) and about 50% of those had [X/H].−1.5. This is remark-
able because as I will show below the sample of pLLSs and LLSs has increased
by factors 3.5 and now 7 and yet the same fraction of very metal-poor gas has been
found for the combined sample of pLLSs and LLSs. This is also remarkable because
these results show the prevalence of low metallicity gas at low redshift where for a
long time the canonical value of the metallicity for the IGM was set to [X/H]≃−1.
The low metallicity has been essentially missed in studies of the Lyα forest at z < 1
because for absorbers with NHI . 15, the S/N typically achieved in HST UV spectra
is not sufficient to detect metals to determine metallicities with [X/H].−1.
One of the main goals of the low-z studies have been to build representative
samples of the pLLSs and LLSs. The first sizable sample of pLLSs and LLSs was
assembled by Lehner et al. (2013). Owing to the original selection of UV-bright
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Fig. 3 Evolution of the metallicity distribution of the H I column density of the pLLSs/LLSs with
16.2 . logNHI . 18 from z < 1 (from Wotta et al. 2016) to 2.3 < z < 3.3 (from Lehner et al. 2016)
(figure courtesy of Chris Howk).
QSOs for the high-resolution COS observations, this first sample is heavily biased
toward low NHI absorbers with 23 pLLSs and only 5 LLSs. In the second survey,
Wotta et al. (2016) used QSOs that were selected to be optically bright, and hence
there is no bias against strong pLLSs or LLSs in the UV spectra of these QSOs,
providing a more uniform combined sample in NHI over the pLLS and LLS range.
Owing to that selection, the QSOs were obtained with the low resolution mode of
COS, leading Wotta et al. to develop a new method to derive the metallicity, which
used only the comparison Mg II and H I. They demonstrate that with a prior knowl-
edge of the U distribution (determined from the analysis of Lehner et al. 2013), the
metallicities of the pLLSs and LLSs at z . 1 can be accurately estimated and the two
samples from Lehner et al. (2013) and Wotta et al. (2016) can be combined. I refer
the reader to the original papers for more details. Here I use the combined sample
from the two surveys (which also include the few LLSs with logNHI ≥ 17.7 which
were not included in Wotta et al. 2016).
Figs. 3 and 4 present two different ways to display the metallicity distribution of
the pLLSs and LLSs. The green histogram in Fig. 3 shows the metallicity distribu-
tion of the combined sample of pLLSs and LLSs at z < 1, with two prominent peaks
at 〈[X/H]〉 ≃ −1.9 and 〈[X/H]〉 ≃ −0.3 (see Wotta et al. 2016 and Lehner et al.
2013 for details; the low-metallicity peak has a mean that appears low relative to its
distribution peak because it was estimated using the survival analysis to take into
account of the 13 upper limits that are displayed in Fig. 4). A Gaussian mixture
modeling (GMM) and a Dip test on the metallicity distribution of the pLLSs and
LLSs rejects a unimodal distribution at high significance levels (99.6% and 82.4%,
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respectively). As noted Muratov & Gnedin (2010), the Dip test appears less pow-
erful than GMM based on the significance levels, but it has the benefit of being
insensitive to the assumption of Gaussianity and is therefore a true test of modality.
Fig. 4 shows the metallicity of the absorbers as a function of NHI. This type of
figure allows us to make a direct comparison with other NHI absorbers as well as dis-
playing the unbinned metallicity distribution of the absorbers. While the connection
between NHI and impact parameter to the galaxies is crude, examining the metallic-
ity for absorbers covering a broad range of H I column densities provides a measure
of how the origins of the gas are changing with environment (impact parameter and
density) within galaxy halos. I will discuss this evolution with NHI further in §5 and
focus here solely on the pLLSs and LLSs.
Starting with pLLSs, there is a lack of absorbers in this figure near [X/H]∼ −1
(−1.2 . [X/H] . −0.9). For the pLLS sample, the Dip test reject an unimodal
distribution at the significance level of 95.5% (> 99.9% according to the GMM),
i.e., it is more significant than for the combined pLLS and LLS sample.3 Fig. 4 also
reveals that while bimodal nature of the metallicity distribution is now pretty well
established for the pLLSs4, it is less so for the LLSs. In fact there is a strong hint
that the metallicity distribution may transition to a broad unimodal distribution in
the LLS regime (Wotta et al. 2016): 1) there are more LLSs near the −1 dex dip,
and 2) there are significantly less LLSs with [X/H] ≤ −1.4 than pLLSs (5–19%
compared to 35–51% for the pLLSs; 68% confidence level ). An ongoing survey
will double the current sample of the LLSs using the COS archive and show if
indeed the metallicity distribution changes in the LLS regime (C. Wotta et al. 2017,
in preparation). While there is lack of LLSs with [X/H] ≤ −1.4, the fraction of
LLSs with [X/H]≤−1 is 39–61% (68% CL) is still quite important.
4 Metallicity distribution at high z and redshift evolution
The great aspect with QSO absorbers is that the same diagnostics and techniques
are used at both high and low z, so the evolution of the metallicity and physi-
cal conditions of the absorbers can be studied straightforwardly over cosmic time.
The cosmic evolution of the DLAs (e.g., Prochaska et al. 2003; Rafelski et al. 2012;
Battisti et al. 2012; Jorgenson et al. 2013) and SLLSs (e.g., Som et al. 2013, 2015;
Fumagalli et al. 2016b; Quiret et al. 2016) have been studied for several years.
Thanks to large archives of good quality (in particular high resolution) spectra of
both low and high z QSOs, we can now study the cosmic evolution of the H I-
3 In the Dip test and GMM, upper and lower limits are treated as values. If one decreases/increases
the upper/lower limits by a very large factor ≥ 5 (0.7 dex), the unimodal distribution is still rejected
at the ≥ 80% and ≥ 95% significance level for the Dip test and GMM, respectively. Therefore,
the metallicity distribution of the pLLSs is very likely at least bimodal (there could be another
population of pLLSs at [X/H] . −2 if the actual values of the several of the upper limits are
indeed much lower than the current limits set by the observations).
4 Note as well that the upper and lower limits push the two branches apart, not together
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Fig. 4 Metallicity as a function of the H I column density for absorbers at z < 1 (top, results from
Lehner et al. 2013; Wotta et al. 2016 and references therein) to 2.3 < z < 3.3 (bottom, results from
Lehner et al. 2016 and references therein, and see also the main text). Note that the metallicity-
scale in both panels is the same for direct comparison.
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selected pLLSs and LLSs. The same selection criteria and analyses of the pLLSs
and LLSs are applied at z < 1 and 2.3 < z < 3.3 by Lehner et al. (2013) (and also
Wotta et al. 2016) and Lehner et al. (2016), respectively, which allow for a direct
comparison between the two samples as displayed in Figs. 3 and 4. They are H I-
selected to have H I column densities between 16 . logNHI < 19. The H I column
density for each absorber can be estimated reasonably accurately (within ∼0.3 dex,
and often better than 0.05–0.10 dex). There is enough information from the metal
lines to derive sensitively both high and low metallicities. And finally, the reported
metallicities are from α-elements, and i.e., X = α where α is Si and/or O at high z
and Si, Mg, S, and/or O at low z.
The reader should, however, keep in mind that the overdensities of the structures
of the universe change as a function of z, and therefore absorbers at some given
NHI at high and low redshifts are not necessarily physically analogous (e.g., Schaye
2001; Dave´ et al. 1999). The change in the overdensity δH ≡ (nH − n¯H)/n¯H is a
factor ∼8 between the mean redshifts of the low and high z samples (Lehner et al.
2016). For the Lyα forest absorbers, SLLSs, and DLAs, the redshift evolution of
the density does not change the fact that Lyα forest absorbers still trace very diffuse
gas (δH ≪ 100) and SLLSs/DLAs trace virialized structures (δH ≫ 100) at any z.
However, for the LLSs and especially the pLLSs, while at z < 1 they probe gas
well within the CGM of galaxies (see §9), at z ∼ 2.8, δH can be . 100, and hence
some pLLSs could probe more diffuse ionized gas at z > 2. In terms of high redshift
galaxy observations, KBSS shows that only half of the absorbers with logNHI > 15.5
are found in the CGM of (massive) galaxies at z ∼ 2; the other half may probe
more diffuse gas or the CGM of dwarf galaxies (Rudie et al. 2012). Observations
with MUSE also found no bright, star-forming galaxy in the vicinity of two very
metal-poor LLSs (Fumagalli et al. 2016a). However, I emphasize these observations
targeted only very metal-poor LLSs, which are just a subset of the LLS population
(see below). With the current knowledge, while LLSs and pLLSs are by definition
at the interface between the denser and more diffuse gas at any z, high z pLLSs
and LLSs may not always trace necessarily the dense CGM of galaxies as their
counterparts at z < 1.
In Figure 3, I show the metallicity distribution for the 31 H I-selected pLLSs and
LLSs at 2.3< z< 3.3 from the KODIAQ Z pilot study (Lehner et al. 2016). Visually
and statically, the metallicity distribution at high z is quite different from the low z
metallicity distribution: not clearly bimodal and the peak of the distribution has
shifted to lower metallicity. Lehner et al. (2016) estimate for the pLLSs and LLSs
that 〈[X/H]〉 = −2.00± 0.17 (where the quoted error is the Kaplan-Meier (KM)
error on the mean value obtained from the survival analysis). There is little overlap
at [X/H]≤−2 between the high and low redshift samples, although there are several
upper limits around −2, −1.7 dex at z < 1 (see Fig. 4). However, at [X/H] ≥ −2,
there is a large overlap. Quite remarkably there are also several pLLSs/LLSs (with
a fraction ∼ 4–20%, 68% CL) with −0.5 . [X/H] . +0.2 at z > 2. There is no
evidence of a strong dip anywhere in the metallicity distribution as observed at low
redshift (L13, W16) and there is a prominent peak near the mean. The Dip test on
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the high z metallicity distribution shows that the significance level with which a
unimodal distribution can be rejected is only 26%.
In Fig. 3, I also show the result from the HD-LLS survey with the square gray
data points from Fumagalli et al. (2016b) over the same redshift interval than probed
by the KODIAQ Z sample shown in this figure. The HD-LLS survey targets LLSs
and SLLSs with logNHI > 17.2 at z ∼ 2.5–3.5 (Prochaska et al. 2015), i.e, over a
similar redshift interval. There are only 9 LLSs with logNHI ∼ 17.5, while all the
others have logNHI & 18. Yet it is striking how the averaged values for overlapping
NHI agree remarkably well (see Fig. 3; I emphasize that point because even though
there are similar authors on both the HD-LLS and KODIAQ Z teams, the results
were independently derived).
Finally, as I discuss above the pLLSs and LLSs at low z may not sample the same
structure as their high redshift analogs. However, the LLSs at 2.3 < z < 3.3 could
evolve into the low z pLLSs. From the results displayed in Fig. 3, it is evident that
the metallicity distribution of the LLSs at 2.3< z< 3.3 is consistent with a unimodal
distribution, significantly different from the bimodal metallicity distribution of the
pLLSs at z . 1. Therefore, even considering the redshift evolution of the cosmic
structures, there is a significant evolution of the metallicity distribution of the LLSs
with z.
5 Metallicities as a function of NHI over cosmic time
As alluded to before, plotting the metallicity as a function of NHI allows for a di-
rect comparison on how the metallicity distributions change with NHI from the most
diffuse regions to densest regions of the universe traced by H I, and, with informa-
tion at different z, we can determine how it evolves over cosmic time. At z < 1,
the S/N of the COS QSO spectra does not allow us to probe sensitively metallicity
below [X/H]. −1 for the Lyα forest, i.e., absorbers with logNHI . 15. However,
at z > 2 high S/N QSO spectra can be obtained so the metallicities of the Lyα for-
est can be determined with much less bias (e.g., Ellison et al. 2000; Schaye et al.
2003; Aguirre et al. 2004; Simcoe et al. 2004). In the right-hand side of Fig. 4, I
show the mean and standard deviation from Simcoe et al. (2004) who determined
in the spectra of 7 QSOs the metallicity using O VI and C IV for absorbers with
13.6 . logNHI . 16 (most between 13.6 . logNHI . 14.4 which is highlighted
by the asymmetric error on the horizontal axis) at z ∼ 2.5. In that figure, the gray
squares represent the mean metallicity of the strong LLSs and SLLSs from the HD-
LLS survey (Fumagalli et al. 2016b), where the horizontal bar indicates the range
of the NHI bin and the vertical error bar represents the 25th/75th percentile of the
composite posterior PDF. For the DLAs, I use the measurements and compilation
from Rafelski et al. (2012). For the SLLSs and DLAs, see also the compilation
made by Lehner et al. (2013) and Quiret et al. (2016) and references therein (for
the Quiret et al. sample, please note that there has been no attempt to remove or flag
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absorbers that were selected with some a priori, e.g., very weak metal features in
SDSS spectra).
As displayed in Fig. 4 and reviewed in length by Lehner et al. (2013) and
Wotta et al. (2016), it is clear the metallicities vary strongly with NHI at any z. Con-
sidering the strong H I absorbers with logNHI ≥ 16, it is readily apparent that the
prevalence of low metallicity gas is only observed for the PLLSs and LLSs. We can
quantify this further by defining the “very metal-poor” (VMP) absorbers as those
with metallicities 2σ below the mean metallicity of the DLAs in any given redshift
interval. At z < 1, that threshold is [X/H]VMP ≤ −1.4 while at 2.3 < z < 3.3, it is
[X/H]VMP ≤−2.4. By definition, VMP gas is quasi-absent for DLAs (< 3%–10%,
68% CL, which applies for all the percentage given here), but it is also small for the
SLLSs (< 10% at z < 1;∼ 20% at 2.3 < z < 3.3). On the other hand, the fraction of
VMP pLLSs+LLSs at any z is much larger (20%–45%) and with the current statis-
tics relatively invariant over cosmic time from z < 1 to z∼ 2–3. There are some hints
that the pLLSs and LLSs may have different metallicity distributions at both low and
high z, but this will require increasing the sample sizes to robustly determine these
distributions across the NHI range probed by the pLLSs and LLSs.
Therefore at any z, VMP gas is only observed in pLLSs and LLSs and the Lyα
forest (presumably that is the case too at z < 1 for the Lyα forest). The VMP gas
must have a different origin than the typical DLAs. It demonstrates there are very
large reservoirs of VMP gas around z < 1 galaxies and in the interface between the
IGM and galaxies at z > 2. At 3.2 ≤ z ≤ 4.4 with a smaller sample probing very
strong LLSs (17.8 . logNHI . 19.5) and an indirect method, Cooper et al. (2015)
found 28%–40% of the LLS population could trace VMP gas.5 The metallicities of
the VMP pLLSs/LLSs increase with decreasing redshift, but their fractions appear
to remain about the same over 12 billion years.
On the other hand, about half of the sample of pLLSs and LLSs at both high and
low z has metallicities that overlap with the DLA and SLLS populations, implying
that metals are found in large quantities in large and small overdensities of the uni-
verse and near and far from galaxies. Since pLLSs and LLSs are typically probing
gas beyond the luminous boundaries of galaxies, the origins of these pLLSs and
LLSs must have been originally outflows or ejection of metals via interactions of
galaxies. Gas recycling (i.e., infalling gas previously ejected from a galaxy) is also
another possibility for these metal rich pLLSs and LLSs.
6 Pristine LLSs
Although cosmological simulations predict that LLSs probing cold flow accretions
should have been enriched to some levels (e.g., Fumagalli et al. 2011a; Hafen et al.
2016), with the observations we can estimate the importance of pristine pLLSs and
5 Cooper et al. (and see also Glidden et al. 2016) targeted a sample of 17 high NHI LLS (typically
logNHI ∼ 17.5) at 3.2 . z . 4.4 , but selected them on the absence of metal absorption in SDSS
spectra, i.e., they single out them to be a priori low-metallicity LLSs.
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LLSs. My definition of pristine gas is no detection of metals and an upper limit on
the metallicity [X/H]<−3.5 dex. At z < 1, there is currently no pLLS or LLS that
fits this definition. In the Lehner et al. (2013) sample, several pLLSs and LLSs have
only upper limits on the metallicity, but the most sensitive one is [X/H] < −2. For
this absorber, there is detection of C III and O III. In the Wotta et al. (2016) sample,
there are also several pLLSs and LLSs with upper limits on [X/H]. However, for
that study only Mg II was used to determine the metallicity. Mg II is certainly one of
the most critical ions to determine the metallicity at z < 1 for the pLLSs and LLSs
(Lehner et al. 2013), but its non-detection does not imply that the gas is pristine
since in all known cases so far there has been always absorption of C III, Si III,
and/or O III when these ions are available. And, indeed, in the lowest metallicity
pLLS of the Wotta et al. (2016) sample ([X/H]< −2.5), there is likely a detection
of C III absorption found in the NUV spectra with follow-up HST/COS G185M
observations (J.C. Howk et al. 2016, in prep.). Future efforts to improve these limits
and probing a larger sample of LLSs at z < 1 will be critical to determine the lowest
levels of metal enrichment in the low redshift universe.
At z ∼ 3, there are currently only two examples of LLSs with no evidence
of metal absorption down to a limit [X/H] < −4.2 and < −3.8 (Fumagalli et al.
2011a). Lehner et al. (2016) detected several pLLSs and LLSs with no metals that
might be reminiscent of these pristine LLSs, but, unfortunately, Si III is contami-
nated for each of these cases, and no stringent limit on the metallicity can be set. To
better understand the level of mixing of metals in the early universe, we will need a
larger sample to reliably determine the frequency of pristine gas at 2< z < 4.5 in the
interface regions between galaxies and the Lyα forest absorbers. From the current
sample, the fraction of pLLSs/LLSs with [X/H]<−3.5 with no metal detected is
< 7.8% at 90% CL.
7 C/α in pLLSs and LLSs over cosmic time
Although we have limited information on the relative abundances, we have some
constraints on the C/α ratio, which is a good indicator of the nucleosynthesis history
(since in low density, diffuse gas, carbon is not expected to be strongly depleted
into dust grains), and hence this ratio provides additional information regarding the
origin of the gas. For the pLLSs and LLSs, this ratio was principally derived from the
photoionization models, but Lehner et al. (2016) also report direct measurements
using the different ionization stages of C and Si [for example at high z, C/α =
(NCII +NCIII +NCIV)/(NSiII +NSiIII +NSiIV)], and quite remarkably the direct and
modeling methods provide consistent results.
For the pLLSs and LLSs, at high z, α is mostly Si, but at low redshift it can also
be O, Mg, and/or S depending on the system and redshift. In Fig. 5, I show [C/α] vs.
[α/H] for the pLLSs and LLSs from both the high- and low-redshift samples (from
Lehner et al. 2016). For comparison, the results for high redshift DLAs and SLLSs
and Milky Way stars are shown. For the DLAs and SLLSs, the results are from
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Fig. 5 Evolution of [C/α] as a function of the metallicity [α/H] for various types of absorbers at
different z and stars indicated in the legend (from Lehner et al. 2016). Any absorbers in the hatched
orange region may have been polluted by Pop III stars.
Pettini et al. (2008), Penprase et al. (2010), and Cooke et al. (2011) (and references
therein and see also Becker et al. 2012 for z & 5 measurements). For the Galaxy thin
and thick stars, the results from Bensby & Feltzing (2006) are used, and for the halo
stars, Fabbian et al. (2010) and Akerman et al. (2004). For the stars, α is O, while
for the DLAs and SLLSs, α is O or Si (changing O to Si or vice-versa for the DLAs
would have little effect on the distribution of these data).
The overall trend observed in Fig. 5 in the stellar and SLLS/DLA samples can be
separated in roughly two regions: region 1 covering−3. [α/H].−1, where [C/α]
decreases with increasing metallicity from super-solar to about−0.7 dex; and region
2 over−1. [α/H].+0.2, where [C/α] increases with increasing metallicity from
about −0.6 dex to super-solar. The behavior in region 2 has been well known for
some time and is thought to occur as a result of the delayed release of carbon from
low- and intermediate-mass stars combined with a strong metallicity dependence
of the yields of carbon by massive stars with mass-loss (e.g., Akerman et al. 2004;
Fabbian et al. 2010). The increase of C/α to lower metallicity at [α/H] . −1 has
now been confirmed independently in both stellar atmospheres and SLLSs/DLAs.
The exact reason for this trend is not yet well understood. One possible interpreta-
tion for the high values of C/α could be the leftovers from the enhanced production
of C (relative to α-elements, and in particular O) in Population III (Pop III) stars.
As shown by Frebel et al. (2007) and Bromm & Loeb (2003), the gas progenitor
of Pop III stars must have high C abundance to efficiently cool the gas in order to
actually form stars and drive the transition from Pop III to Pop II stars (see also
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Cooke et al. 2011 for more discussion). This condition is shown in Fig. 5 (hatched
orange region), which is defined as the “transition discriminant” criterion. No Pop
II stars should be found in that zone, but any gas in this region will likely have been
polluted by Pop III stars; as we discuss below and can be seen in Fig. 5, only two
LLSs are found in that “forbidden” zone.
For the pLLSs and LLSs, things are quite different. First of all it is worth to note
that in the regions of overlapping metallicities, there is no evidence of a difference
between the low and high redshift samples, and hence they can be treated as one.
About half the sample of the pLLSs and LLSs follows a similar distribution to that
observed for the DLAs and stars over the entire range of metallicities. For these,
their chemical enrichment history (at least of C and α-elements) appears to be simi-
lar to that of the Galactic stars and the bulk of the SLLSs/DLAs. However, the other
half — mostly clustered at −2.2 . [α/H] . +0.2 — does not follow the trend ob-
served in stars or DLAs. These gas clouds are carbon-enhanced by a factor & 2–5
(& 0.3–0.7 dex) compared to stars or most DLAs with similar [α/H]. The enhanced
C/α ratio in the metallicity range −2 . [X/H].−0.5 implies that this gas must
have been polluted by preferential ejection of C from low metallicity galaxies. A
recent study in fact shows that at least some local metal-poor dwarf galaxies have
also enhanced C/α over similar metallicities (Berg et al. 2016). While their C/α ra-
tios are not as high as observed for the pLLSs and LLSs and their sample is small
(12 galaxies), the absence of a clear trend between C/α and α/H is similar to that
observed in pLLSs and LLSs.
As noted by Crighton et al. (2016), extremely metal-poor LLSs ( [X/H]∼ −3.5
at z ∼ 3) with detected metal absorption also provide another path to study the Pop
III/Pop II metal-enrichment transition. There are now two LLSs at z ∼ 3.4 with
expected [C/α] and [α/H] that are consistent with gas polluted from Pop III stars
(Crighton et al. 2016; Lehner et al. 2016; see Fig. 5). The use of both the low metal-
licity and C/α ratio provides a strong method to find metal-pollution at the transition
from Pop III to Pop II star formation (see Cooke et al. 2011).
8 Lyman Limit systems and O VI
Although I have focused throughout on the metallicity of the cool gas of the pLLSs
and LLSs, the surveys described above have also revealed that O VI absorption with
overlapping velocities with H I is found with a high frequency at any z. At z < 1,
among the 23 pLLSs/LLSs with O VI coverage, only 3 have no O VI absorption
below the lowest NOVI of detected O VI absorption (there are an additional 3, but the
limits were not sensitive). Hence the detection rate of O VI absorption associated
with pLLSs/LLSs at z < 1 is about 70%–80% (Fox et al. 2013). At 2.3 < z < 3.6,
the KODIAQ survey found that about 70% of the LLSs also show O VI absorption
(Lehner et al. 2014), but this is still based on small-number statistics (there are only
7 LLSs in the KODIAQ I survey, the other absorbers being SLLSs and DLAs, but
see also, e.g., Kirkman & Tytler 1997, 1999).
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The O VI absorption is particularly important because owing to its high ionization
energies (114–138 eV), it is difficult to photoionize by the UV background alone ex-
cept if the gas is extremely low density (nH . 10−3.5 cm−3, e.g., Simcoe et al. 2002).
When O VI is detected, these pLLSs and LLSs have typically multiple gas-phases as
evidenced by the presence of low ions (e.g., C II, Si II, Si III) and O VI (or other high
ions) that cannot be explained by a single photoionization model (e.g., Lehner et al.
2009, 2013; Crighton et al. 2013). Furthermore and independent from any ioniza-
tion modeling, the high-ion and low-ion gas-phases of pLLSs/LLSs are often dis-
tinct based on the kinematic comparison of their velocity profiles, which indicate
that most of the pLLSs/LLSs have kinematic sub-structure with velocity centroid
offsets between the strongest H I (or low ions) and O VI absorption and/or multi-
ple components seen only in the low or high ions (Fox et al. 2013; Crighton et al.
2013; Lehner et al. 2014). The high S/N and resolution of the KODIAQ spectra also
demonstrate that the O VI profiles have typically a larger velocity breadth with the
bulk of their absorption often offset from the low ions by several tens or hundreds
of kilometers per second and are generally smoother (i.e., with many less velocity
components) (Lehner et al. 2014). These properties contrast remarkably with those
of the Lyα forest (logNHI . 14.5) where for a majority of systems, O VI and H I
coexist in the same gas with similar (and generally much simpler) kinematics (e.g.,
Tripp et al. 2008; Muzahid et al. 2012; Savage et al. 2014).
Although O VI is traditionally associated with outflows (see below), in cosmo-
logical simulations some of the gas accretion is expected to occur in the form of
O VI-bearing gas (see, e.g., Shen et al. 2013; Ford et al. 2014, 2016). Specifically, in
the Eris2 simulations of a massive star-forming galaxy at z∼ 3, outflows and inflows
have similar covering factors within ∼ 1Rvir for O VI with 13.5≤ logNOVI < 14.4,
while only outflows have a large covering factor for absorbers with logNOVI & 14.4
at any impact parameters within 1–2Rvir (Shen et al. 2013). Further insights can be
gained by directly comparing different surveys, and an easy and informative way
to do this is by considering the total integrated properties of the O VI absorption,
i.e., the total column density (NOVI) and the total full-width (∆vOVI). In Fig. 6, I
show a summary of the current status of logNOVI vs. ∆vOVI for the IGM at both low
and high redshift (e.g., Simcoe et al. 2002; Muzahid et al. 2012; Tripp et al. 2008;
Savage et al. 2014), the COS-Halo survey (Tumlinson et al. 2011; Werk et al. 2013,
2016), the KODIAQ survey of high-z LLSs (Lehner et al. 2014; Burns 2014; N.
Lehner et al. 2017, in prep.), and the z < 1 pLLS/LLS survey (Fox et al. 2013;
Lehner et al. 2013). The rectangles in this figure show where most of the data lie
for a given survey.
For the KODIAQ survey (and the z < 1 pLLS/LLS survey), all the absorbers
are pre-selected based on their H I content so that they satisfy some NHI threshold
(KODIAQ I, logNHI & 17.5; KODIAQ II, logNHI & 16 with typically most of the
absorbers with 16 . logNHI . 17, i.e., the NHI distribution of the KODIAQ survey
II is more similar to that of the z < 1 survey).6 Since the KODIAQ II results are not
yet published, I show their actual distribution. When O VI is detected, most of the
6 Note also that for KODIAQ I, an additional criterion is that the metallicity of the cool gas could
be determined, which is not the case for KODIAQ II.
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Fig. 6 Total column density of O VI (logNOVI) versus the total width (∆vOVI) of the O VI absorp-
tion found in different surveys. The rectangles show where most of the data lie for each survey.
For the KODIAQ and the z < 1 pLLS/LLS surveys (sample sizes m ≃ 36, 23, respectively), the
absorbers were H I-selected to satisfy the range of NHI values listed in the figure. For COS-Halos
(m ≃ 40), absorbers were associated with pre-selected ∼ L∗ galaxies so that they are at impact
parameters ρ . 160 kpc (note that dotted lines show about the sensitivity level of the COS-Halos
survey in NOVI; for H I-selected surveys, the sensitivity is typically much better than the low-
est values reported in this figure, around logNOVI . 13.2–13.5). For the IGM Lyα forest surveys
(m& 50-100), absorbers are typically O VI-selected found to be associated with low NHI absorbers.
KODIAQ data are such that 14.2. logNOVI . 15.5 and 150. ∆vOVI . 500 kms−1.
More than half the KODIAQ I+II sample has logNOVI & 14.4 and ∆vOVI & 300
kms−1, i.e., a majority fits in this category of strong and broad O VI absorption
that is associated with large-scale outflows in cosmological simulations. As noted
by Lehner et al. (2014), the breadth and strength of the O VI absorption in optically
thick H I absorbers at z ∼ 2–3.5 are striking and quite similar to those observed in
starburst galaxies in low redshift universe (see, e.g., Grimes et al. 2009; Tripp et al.
2011; Muzahid et al. 2015), strongly suggesting that indeed the origin of the bulk
of the strong O VI absorption associated with pLLSs and LLSs is hot cooling gas
of large-scale outflows from high-redshift galaxies at an epoch where galaxies are
forming stars at very high rates. Fig. 6 also shows that the KODIAQ and COS-
Halos7 surveys overlap, but are remarkably outside the boundaries set by the Lyα
7 As a reminder, COS-Halos is a dedicated absorption-line survey of∼ L∗ galaxies at z∼ 0.2 where
galaxies have various of SFRs and morphologies. The background quasars probed their CGM at
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forest.8 This is another indication that the KODIAQ absorbers most likely trace the
CGM of actively star-forming galaxies.
In the previous sections (and see Figs. 3 and 4), we saw that there is a major
evolution in the metallicity distribution of the pLLSs and LLSs. There is also a
major evolution in the properties of the O VI associated with pLLSs/LLSs. At z <
1, O VI absorption in the pLLS sample has typically 50 . ∆vOVI . 150 kms−1
and 13.8 . logNOVI . 15 (Fox et al. 2013). There is overlap between the low and
high z surveys, but broad and strong O VI absorption associated with LLSs and
pLLSs at z < 1 is the exception. Indeed, only two absorbers not captured with these
boundary limits shown in Fig. 6 are associated each with a massive, large-scale
outflow from a massive star-forming galaxy (Tripp et al. 2011; Muzahid et al. 2015).
These two absorbers at z < 1 have ∆v & 300 kms−1 and the metallicities of the
highly ionized gas and cool ionized gas are similar and super-solar. In the z < 1
sample, Fox et al. (2013) also find that strong O VI absorption is not detected when
the metallicity of cool gas is low; three of the four broadest and strongest systems
at z < 1 happens to be three of the four most metal-rich pLLSs/LLSs in the sample,
with similar properties (although not as extreme) to those of the absorbers associated
with starburst galaxies (Tripp et al. 2011; Muzahid et al. 2015). My interpretation of
the major difference in the frequency of strong and broad O VI between the low and
high z pLLS/LLS surveys is that typically low-z galaxies are much more quiescent
than their high redshift counterparts and, indeed, only in the comparatively rare low-
z starburst galaxies can we find the extreme O VI absorption seen commonly at high
z. This also suggests at least for the pLLSs/LLSs with strong O VI absorption that
they probe the CGM of some actively star-forming galaxies, not the more diffuse
IGM.
There is therefore little doubt that the strong and broad O VI absorption associ-
ated with pLLSs and LLSs typically traces large-scale outflows from very actively
star-forming galaxies. The weaker O VI absorbers have likely a wider range of ori-
gins, including outflows, inflows, ambient CGM (e.g., Ford et al. 2014). It is worth
noting that high-z weak O VI absorbers and non-detected O VI absorption are only
found in LLSs and SLLSs with [X/H] . −1.5, i.e., at relatively low metallicity.
At z < 1, Fox et al. (2013) find that the pLLS bimodal metallicity distribution is re-
flected to some level in the O VI properties with a lack of low-metallicity pLLSs with
strong O VI absorption. The properties of these pLLSs with no detection or of O VI
absorption make them good candidates for cold stream inflows according to recent
simulations (e.g., Shen et al. 2013). However, a more quantitative and systematic
comparison at all z between simulations and observations should be undertaken to
gain further insights on these weak O VI absorbers associated with strong H I ab-
sorbers.
impact parameters 10 . ρ . 160 kpc (Tumlinson et al. 2011, 2013; Werk et al. 2012, 2013, 2014,
2016). The O VI absorption is only observed in the CGM of star-forming galaxies with a sensitivity
limit logNOVI & 14.2.
8 The O VI absorption in the IGM has been searched from blind O VI surveys. The properties of
the O VI absorption is typically such that 13.2 . logNOVI . 14.4 and 20 . ∆vOVI . 100 kms−1 at
any z (Simcoe et al. 2002; Muzahid et al. 2012; Tripp et al. 2008).
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9 Gas accretion via pLLSs and LLSs?
I have shown that great progress has been made on our knowledge of the class of
absorbers known as the pLLSs and LLSs. This success lies in our ability to study
sizable and representative samples with good quality (S/N, resolution) spectra at
both low and high z. With this new knowledge, it is clear that very metal-poor gas
is not rare at any z at large overdensities, but it is uniquely probed by the pLLSs
and LLSs. This gas is typically not pristine, i.e., it contain some metals, but in some
cases down to very low level [X/H] ≃ −3.5. These results provide new stringent
empirical results for cosmological hydrodynamical simulations. In particular, there
is a strong evolution of the metallicity of the pLLSs/LLSs with z, but also a re-
markably constant fraction of VMP pLLSs/LLSs over cosmic times. There is also
a major shift in the properties of the O VI absorption associated with pLLSs and
LLSs, with extremely strong and broad O VI being quite common at high z but rare
at low z. Since these strong and broad O VI absorbers most likely trace large-scale
outflows from actively star-forming galaxies, the dramatic shift of the properties of
the O VI absorption associated with pLLSs/LLSs with z certainly captures in part
the equivalently dramatic change in the star-formation activity level in galaxies with
z.
So are the metal-poor pLLSs/LLSs tracing gas accretion? If we use cosmological
simulations to guide us, the answer is very likely yes. Simulations have shown that
pLLSs/LLSs may be used to trace cold flows (Faucher-Gigue`re et al. 2011, 2015;
Fumagalli et al. 2011b, 2014b; van de Voort & Schaye 2012; van de Voort et al. 2012;
Hafen et al. 2016). Simulated pLLSs and LLSs at z ∼ 2–3 or z < 1 often appear,
however, to have too many metals compared to the observations. Only in simula-
tions with very mild stellar feedback (Fumagalli et al. 2011a), there is some agree-
ment between the observed and simulated metallicity distributions; in this simula-
tion, cold streams are traced mostly by LLSs within 1 or 2 virial radii of galaxies
where the gas has only been enriched to [X/H] ≃ −1.8 with similar scatter to that
observed at high or low z. However, while mild feedback produces better agree-
ment with the observed metallicity distribution at z ∼ 2–3, the agreement with the
baryon fraction in stars worsens (Fumagalli et al. 2011a). The FIRE zoom-in simu-
lations at z< 1 have also recently studied the physical nature of the pLLSs and LLSs
(Hafen et al. 2016). These simulations confirm the general interpretation of the bi-
modal metallicity distribution at z < 1: very low metallicity LLSs are predominantly
associated with inflows at z < 1, but higher metallicity LLSs trace gas with roughly
equal probability of having recycled outflows (inflows) or outflows. However, the
model vs. observation comparison also leads to major differences, including that
the simulated metallicity distribution is not bimodal and has a metallicity plateau
between about−1.3 and−0.5 dex at z < 1. Furthermore, while very low metallicity
pLLSs and LLSs are prevalent in the observations, they are not in the FIRE simula-
tions. Possibly recycling and mixing of the gas are too efficient in these simulations
to allow for the presence of widespread low-metallicity gas. However, according to
all these simulations despite some key disagreements with the observations, there is
a consensus that a large fraction of the metal-poor LLSs and pLLSs should probe
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cold flow accretions onto galaxies, and in fact the covering fraction of the cold flow
accretion could peak in the LLS regime. The observations summarized here show
that there is a prevalence of metal-poor (and even very metal-poor) pLLSs/LLSs at
any z, strongly suggesting that they may be tracers of metal-poor gas accretion.
While there are many positive aspects in using the pLLSs and LLSs to study the
gas around galaxies, there is a major limitation: it is complicated and often impos-
sible (especially at high redshift) to determine if the gas is actually inflowing into
or outflowing from the host galaxy. All the properties so far derived for the pLLSs
and LLSs fit with the gas properties found in the simulated cold flow accretion: the
NHI range, the low metallicities, the temperatures, densities, length scales, and even
some of the galaxy properties (e.g., Ribaudo et al. 2011b; Kacprzak et al. 2012b;
Lehner et al. 2013). However, it is unknown from these observations if the gas is
actually accreting onto the galaxies.
The only experiment where we can directly determine the direction of motion
along the line-of-sight is the down-the-barrel experiment whereby the galaxy itself
is used as the background target: observations of the blueshifted or redshifted ab-
sorption relative to the systemic velocity of the galaxy directly inform us if the gas is
outflowing or inflowing (e.g., Heckman et al. 2000; Weiner et al. 2009; Martin et al.
2012; Rubin et al. 2012, and see also the chapter by Kate Rubin in this book). In this
method, strong metal transitions (like Fe II, Mg II) are, however, used, and, hence,
it remains ambiguous to know if the gas that is accreting onto a galaxy as recycled
gas or from the IGM since the metallicity of the gas is generally unknown.
Another method for indirectly determining the origin of the gas has been to char-
acterize geometry of the galaxy relative to the QSO line of sight (see for a full de-
scription of this method the chapter in this book by Glenn Kacprzak). Several Mg II
surveys have demonstrated that a class of strong Mg II absorbers at small impact pa-
rameters (ρ . 40 kpc) are primarily found along the galaxies’ minor axes, consistent
with an origin from large-scale outflows (e.g., Bordoloi et al. 2011; Kacprzak et al.
2012a; Bouche´ et al. 2012). However, Kacprzak et al. (2012b) has also shown one
example of a very metal-poor LLS observed projected along the minor axis of the
associated galaxy albeit at a projected distance of 104 kpc. Evidently all absorp-
tion detected in the spectra of QSOs probing gas along the projected minor axis of
galaxies may not be produced by winds, especially at these large impact parame-
ters. Metal-poor gas may also not necessarily align with the projected major axis of
the galaxy as expected from some simulations (e.g., Stewart et al. 2011), i.e., other
mechanisms than cold flow accretion might be at play, as, e.g., the precipitation
model proposed by Voit et al. (2015).
One can also undertake a combination of both methods just described above
whereby absorption is observed toward a galaxy (down-the-barrel) and toward a
QSO transversely projected at some distance (e.g., Kacprzak et al. 2014; Bouche´ et al.
2016). I suspect the number of galaxy-QSO pairs will increase dramatically in the
future with IFU observations and larger aperture telescope.
Cosmological simulations show a preference for inflowing streams to align with
the major axis of galaxies, metal-enriched outflows along the minor axis, and tidal
debris more uniformly distributed (e.g., Stewart et al. 2011; van de Voort & Schaye
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Fig. 7 The H I column density as a function of the impact parameter for the pLLSs and LLSs at
z< 1 from the Lehner et al. (2013) sample. The data are color-coded in velocity separation between
the redshift of the absorbers and associated galaxy δ v = c|zabs − zgal|/(1+ zabs). Data connected
with a dotted line indicate that more than one candidate galaxy was found (note that the triangles
nearly overlapping at logNHI ≃ 16.2 and ρ ≃ 176 kpc are also a pair of candidate galaxies for the
same absorber).
2012; Shen et al. 2013). This combined with the empirical results from Mg II
absorber-galaxy survey strongly motivated the Bimodal Absorption System Imag-
ing Campaign (BASIC; PI: Lehner), which aimed to jointly determined the corre-
lation (if any) between the geometry of the galaxies with the metallicities of the
pLLSs/LLSs. This program combines newly acquired and archival ACS images as
well as ground-based galaxy imaging and spectroscopy (LBT/MODS-LBC; MUSE;
Keck LRIS) of all the fields from the Lehner et al. (2013) sample. With the ongoing
BASIC survey, we will measure the geometry, morphology, environment of galaxies
associated with ∼30 pLLSs/LLSs and in particular test if the bimodal metallicity
distribution is connected to the geometric orientation of galaxies as predicted by
simulations.
While it is too early to report on any specific results from BASIC, in Fig. 7,
I present an updated figure from Lehner et al. (2013) showing NHI as a function
of the impact parameter ρ of the possible associated galaxies at z < 1. This fig-
ure differs from Fig. 9 in Lehner et al. (2013) in several important aspects. First, in
Lehner et al. (2013) only the “closest” galaxy in redshift and impact parameter to a
given absorber was considered, while here I show all the potential candidate galaxies
for a given absorber (not just one). Second, I differentiate the low and high metallic-
ity absorbers. Third, the velocity separation δv= c|zabs−zgal|/(1+zabs) between the
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redshift of the absorbers and associated galaxy is indicated. I stress that this is still
very preliminary since not the entire sample has been obtained and the galaxy com-
pleteness has not been systematically assessed yet. However, as Lehner et al. (2013)
indicated at z < 1 for 11 LLSs, now for 16 pLLSs/LLSs (7 metal-poor absorbers,
9 metal-rich absorbers) where their fields have been observed sufficiently deeply
(& 0.1L∗), at least one galaxy is found within ρ . 200 kpc and typically δv . 100
kms−1 (except for a few cases, see Fig. 7). From Fig. 7, there is no hint of a differ-
ence between low and high metallicity absorbers with impact parameters. With the
current sample, there is, however, a strong hint that [X/H] ≥ −1 pLLSs/LLSs are
found associated with more than one galaxy, while [X/H] < −1 pLLSs/LLSs are
all but one associated with a single galaxy. Further studies will be needed to inter-
pret the galaxy/LLS connection, but it is evident that we will learn soon more about
the environments and hence the nature of these systems. With the current data, it
is reasonable to conclude that the VMP pLLSs/LLSs at z < 1 are indeed probed of
the extended of the CGM of galaxies (not necessarily of a single galaxy at least for
metal-rich absorbers).
At z > 2, the geometry of the galaxies will be difficult to decipher, but observa-
tions with the VLT/MUSE or Keck/KCWI of the fields of view of the pLLSs and
LLSs will shed light on the galaxy environments of the pLLSs and LLSs. These
observational efforts are in their infancy, but recent MUSE observations show that
the connection between very metal-poor LLSs and star-forming galaxies fed by cold
streams is quite plausible at high z (Fumagalli et al. 2016a) (at least for these VMP
LLSs).
10 Conclusions and future directions
As a massive reservoir of galactic baryons and metals, the mediator of galactic feed-
back, and the fuel for star formation, the CGM plays a major role in galaxy evolu-
tion, yet the full nature of that role and how it evolves with cosmic time remains to
be determined. With the pLLS and LLS surveys at z < 1 and z > 2, we have made
critical advances on our understanding of the CGM of galaxies over the last few
years. It is obvious from these studies that pLLSs and LLSs trace different processes
and have several origins. It is also quite obvious now that, at the high overdensities
probed by pLLSs and higher column density systems, the gas is very rarely pris-
tine. There is a large fraction of pLLSs and LLSs that have metallicities similar to
those observed in SLLSs and DLAs. However, there is also a substantial fraction
(20%–45%) of very metal-poor gas at all studied z intervals. At z < 1, there is also
little doubt that the pLLSs and LLSs are tracing the dense regions of the CGM of
galaxies, while at higher z the question is still open (although pLLSs or LLSs as-
sociated with strong O VI absorption are quite likely to probe the CGM of some
very actively star-forming galaxies). At z < 1, these findings indicate that galaxies
have large reservoir of metal-poor gas at projected physical distances . 100–200
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kpc, which may eventually feed the galaxies, but the exact mechanisms on how this
occurs (and if this really occurs) are still an open question.
Hence as other techniques to study the gas around galaxies, the evidence for
large-scale outflows is quite clear and unambiguous (pLLSs and LLSs with strong
and broad O VI absorption trace large-scale outflows from starburst galaxies), but
the evidence for accretion is still not as equivocal. A good way to conclude this
chapter on LLSs and accretion is by quoting Michele Fumagalli from his talk at
the IGM@50 Is the Intergalactic Medium Driving Star Formation Spineto confer-
ence last year: “So far, there is no [major] empirical evidence against the association
between [pLLS]/LLSs and cold accretion as put forward by theory”. I would add,
however, that we should not dismiss yet other accreting gas models that might be at
play (e.g., Marasco et al. 2013; Voit et al. 2015).
I predict the next five years are going to be equally as rich in new discoveries as
the previous five years if not more:
• At all z, samples where we will be able to robustly study the metallicity distribu-
tion will increase by a factor 2–4 at z < 1 (& 100 absorbers) and a factor > 5–10
at z > 1.5 (> 150–300 absorbers) thanks to the growing archives at MAST, KOA,
and ESO. Not only the samples will increase, but there will also be better sam-
pling in redshift space (e.g., finer redshift sampling will be possible at 2 < z < 4
as well as in the redshift interval 1 < z < 2 where currently there is no informa-
tion) and in NHI (e.g, the LLS sample will increase at z < 1 as well as the weak
pLLS sample at the transition of the Lyα forest at both z < 1 and z > 2).
• HST images and integral field spectroscopy with moderate to high spectral reso-
lution will transform our knowledge of the LLS and pLLS galaxy environments.
We are now in position to study the galaxies associated with absorbers where
some of their key properties are determined (the metallicity of course, but also
their various gas phases – including the highly ionized probed by O VI, kinemat-
ics, etc.). The recent and ongoing advent of IFU spectroscopy (and future AO)
systems on ground-based 8–10m class telescopes (MUSE, KCWI) will speed
up the acquisition of the galaxies, but more critically galaxies at z . 1 can be
spatially and kinematically resolved providing a new wealth of information ex-
tremely difficult to acquire in the past (see, e.g., Fumagalli et al. 2014a, 2016a;
Bouche´ et al. 2016; Peroux et al. 2017). As these efforts will be undertaken at
both low and high z, these galaxy surveys will enable the study of their evolution
over much of the age of the universe. On a longer time frame, extremely large
telescopes, with their huge light gathering power coupled with diffraction-limited
angular resolution, will even further revolutionize our understanding of the CGM
of galaxies at both high and low z.
• Finally, observers and simulators are working more and more together and I ex-
pect from these collaborations more insights will be gained on the nature of the
gas probed by the pLLSs and LLSs. In particular, new tools are being developed
so that results from the observations and simulations can be more directly com-
parable and more easily interpretable (e.g., by treating metallicities of individ-
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ual absorbers as posterior probability distribution functions, see Fumagalli et al.
2016b).
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